Background: Although pollen-related food allergy occurs in all European populations, lipid transfer protein (LTP) allergy is considered to manifest mainly in Mediterranean countries. We aimed to characterize adults presenting with LTP allergy in a northern European country.
most frequent manifestation is pollen food syndrome (PFS), presenting typically as mild oropharyngeal symptoms to raw fruits and vegetables, triggered by cross-reactions between antibodies to pollen and homologous plant food allergens. [2] [3] [4] In southern Europe, in addition to PFS, another more severe manifestation of cross-reactive plant food allergy occurs, involving both raw and cooked foods but not clearly linked to pollen sensitization. Lipid transfer protein (LTP) allergy involves sensitization to LTP proteins, which are stable to heat and digestion and abundant in plant foods. 5, 6 The peach LTP allergen Pru p 3 is a prototypic marker of LTP sensitization, with many of those sensitized also having clinical reactions on exposure to peaches, although many other foods can also provoke symptoms. 7, 8 Although LTP allergy is not widely recognized in northern Europe, we conducted a pilot investigation of LTP sensitization in our UK clinic population using Pru p 3 as a surrogate marker of IgE sensitization. 9 We found that sensitization to Pru p 3 was a feature of UK subjects experiencing severe reactions to fruits and vegetables, often in the absence of reported reactions to peaches. We hypothesized that in a group of patients who present with systemic allergic reactions and in whom there is evidence of LTP sensitization, as defined by a positive test to Pru p 3, there is a clear clinical and immunological profile compared to a group of patients with classical PFS, the most prevalent form of food allergy in the United Kingdom (UK). 4 The aim of the study was to determine the main food and pollen sensitizations, suspected trigger foods and quality of life in UK patients with diagnosed LTP allergy, compared to UK subjects with classical PFS. We also aimed to evaluate the sensitization patterns of UK subjects with LTP allergy to an age-and sex-matched group of Italian (IT) subjects with LTP allergy, to understand whether there are key geographical differences in sensitization patterns in those with LTP allergy.
| METHODS
This observational controlled cohort study was undertaken at the
Royal Brompton & Harefield NHS Foundation Trust (RBHT) and
Guy's and St Thomas' NHS Foundation Trust (GSTFT), both located in London in the UK. The study received ethical approval from Portsmouth Research Ethics Committee and was also approved and sponsored by RBHT and GSTFT.
| Participants
Participants aged 18 years and over were recruited between 2013 and 2016 and gave written informed consent to take part. To minimize the confounding effects of LTP sensitization arising outside northern Europe, the LTP case group were all born in the UK without extended periods of residence in southern Europe. They were recruited following a confirmed medical diagnosis of LTP allergy made in either the RBHT or GSTFT specialist allergy clinics, which are tertiary referral centres for food allergy. The diagnosis was based on a history of severe reactions, including severe orbital or oropharyngeal swelling, difficulty in breathing, tachycardia, collapse and anaphylaxis, to a suspected plant food-derived trigger(s) (see also Appendix S1), positive skin prick tests and specific IgE blood tests to the suspected food (s) involved and a Pru p 3 level > 0.35 kUA/L (ImmunoCAP assay, Thermo Fisher Scientific). Patients in whom the
G R A P H I C A L A B S T R A C T
UK-born adults can develop Lipid Transfer Protein (LTP) allergy. Allergen sensitisation patterns in UK LTP allergic subjects are not significantly different to matched Italians with LTP allergy. Skin prick testing (SPT) with peach reagent is a useful diagnostic tool; the majority of UK LTP allergic subjects tested positive to peach, whereas none of those with Pollen Food Syndrome (PFS) did so.
| 1341 index reaction(s) was attributed to a primary nut allergy were excluded, such as those who had a positive Pru p 3 ImmunoCap, but reported symptoms only to nuts and had sensitization to other primary nut allergens. However, those who had reactions to several foods in addition to nuts were included. The control group were UK subjects diagnosed with PFS, using a validated PFS diagnostic questionnaire. 2 A third group of age-and sex-matched Italian (IT) subjects from Rome, Italy, with a diagnosis of LTP food allergy, based on a positive specific IgE to Pru p 3 by ImmunoCap ISAC were used as a reference comparison group for the blood test results from the UK LTP group.
| Interventions

| Questionnaires
All subjects self-completed a standardized nonvalidated questionnaire on their clinical symptom history, suspected foods, the presence or absence of other allergic conditions and the use of adrenaline and other medications. On enrolment, they also completed a validated quality of life questionnaire, the Food Allergy Quality of Life Questionnaire-Adult Form (FAQLQ-AF). 10
| Skin Prick Tests
All subjects underwent Skin Prick Tests (SPT) to a panel of 40 aeroallergen and food extracts (either from ALK Abelló, Horsholm, Denmark or from Stallergenes, Antony, France), fresh foods and positive and negative control solutions (histamine hydrochloride 10 mg/ mL and diluent) (see repository). Testing with the same variety of fresh food was undertaken using the prick to prick test method; the intact food was pierced through the peel or skin with a sterile lancet (ALK Abelló) and then used to prick the skin of the subject. All SPT were performed by the same operative, using standardized techniques according to international guidelines. 11, 12 The test was considered positive if the size of any resulting wheal was ≥ 3 mm greater than the negative control. 12 The foods tested were chosen based on known LTP triggers in other populations, and UK pilot data on reported foods in LTP subjects. [13] [14] [15] [16] Fresh foods were used for some foods tested where it was considered that they would provide a better result based on published research. 17, 18 Peach extract (ALK Abelló) was chosen prospectively as a marker for LTP sensitization and birch pollen as for a marker for PFS related to PR-10 proteins. 2, 19 ≥0.3 to < 1 ISU, low; ≥1 to < 15, moderate; and ≥ 15, very high).
| Serum analysis
| Statistical analysis
This was an exploratory study, so no formal sample size calculation was undertaken as there was no primary outcome of interest and the size of the sample was chosen based on feasibility constraints.
As a result, analysis presented here is interpreted as hypothesis generating. As a tool for exploring possible differences between data sets, chi-squared or Mann-Whitney tests were used but adjustments were not made for multiple comparisons. The Pearson correlation was used to assess the association between two linear variables.
| RESULTS
| Subjects and clinical history
The case group consisted of 35 UK-born adults with previously diagnosed LTP allergy, and a Pru p 3 IgE level > 0.35 kUA/L (mean 16.8 U/mL, range 0.90-66.4 IU/mL). The control group comprised 15 UK subjects with PFS. Although the groups were not age or sex matched, there were no age or gender differences between them (Table 1 ). There were no differences in atopic history, with childhood eczema, asthma and allergic rhinitis commonly reported ( Table 1 ).
The majority of the LTP and all of the PFS participants reported allergic rhinitis, with the PFS group reporting their main season to be in the Springtime (P = 0.017 Pearson chi-square) ( Table 1) .
Both groups reported similar food triggers (tree nuts, peanuts, apples, stone fruits, tomatoes) (Appendix S2); however, 93% of the PFS group reacted only to raw foods compared to 23% of the UK LTP group (P = 0.000 chi-square), who also described reactions involving composite meals such as pizza and curry (Appendix S2).
There were also differences in the speed of onset of symptoms; a greater number of the UK PFS group had reactions on the food touching the lips or when biting or chewing (P = 0.003 Pearson chisquare), and they were also significantly more likely to recover within an hour than the UK LTP group (P = 0.002; Table 1 ). As expected, given that initial diagnosis of LTP allergy incorporated assessment of reaction severity, this group was characterized by more severe symptoms including oral and facial oedema, throat narrowing/closure, difficulty in breathing and wheeze/chest tightness compared to the PFS group (Appendix S1).
Reactions due to any co-factor such as exercise, alcohol and nonsteroidal anti-inflammatory drugs were reported by 71% of those with LTP allergy compared to 13% of those with PFS (P = 0.000 Pearson chi-square; Table 1 ). As might be expected, the majority (86%) of the LTP group had been prescribed and carried an adrenalin auto-injector compared to 0% in the PFS group and had a significantly greater number of emergency visits to hospital (Appendix S3). Results from the Quality of Life Questionnaire indicated significant differences between the LTP and PFS groups, especially in the domains for Buying Food, Eating Out, Anxiety and Interaction (Appendix S4). Table 2 ). The UK LTP group were also significantly more likely to have a positive SPT to cabbage, lettuce, mustard, raspberry, walnut, barley and sesame seed (P = 0.000 Pearson chi-square) (see Table 2 ). Median SPT wheal size was also significantly greater for these same foods in the LTP cohort (Mann-Whitney U), with peach reagent having the overall largest median wheal size (see Table 2 ). There was no correlation between SPT wheal sizes to peach reagent and titres of Pru p 3-specific IgE ImmunoCap on entry to the study (Pearson r = 0.0315, P = 0.857). The SPT results for peach reagent in the LTP group were strongly correlated with those obtained from fresh peach (r = 0.67, P = 0.000), walnut (r = 0.56, P = 0.000), peanut (r = 0.61, P = 0.000), tomato (r = 0.54, P = 0.001), lupin (r = 0.53, P = 0.001), grape (r = 0.51, P = 0.002) and almond (r = 0.51, P = 0.002) ( Table 2) . When comparing the SPT results with reported reactions to foods, carrots, celery, grapes, raspberry and mustard gave the best NPV, and tree nuts, peanuts, apples and stone fruit (apricots, peaches, plums) the best PPV in both groups (Appendix S5).
| Microarray
The ISAC results showed clear patterns of sensitization. Table 3 ), whereas the UK PFS groups were more likely to be sensitized to the PR10 allergens in trees including alder (Aln g 1), hazel (Cor a 1.0101) (P < 0.001) and to a lesser extent Bet v 1 (P = 0.007) ( Table 3 ). There were no differences in sensitization to grass pollen allergens. Evaluation of median levels of ISU for LTP and PR10 food and aeroallergens showed few significant differences between the UK LTP and UK PFS Groups. As might be expected, the LTP group had greater median levels of the LTP allergens in hazelnuts, walnuts, peanuts and plane tree, and the UK PFS group higher levels of PR10 allergens in kiwifruit, alder and birch tree pollen ( Figure 1 ). However, sensitization to the grass pollen allergens Phl p 1, Phl p 2, Phl p 4, Phl p 5, Phl p 6 and to a lesser extent to Bet v 1 was significantly more prevalent in the UK LTP group, and the IT LTP cohort were more likely to be sensitized to Cup a 1 (Cypress) (see Table 3 ). There were no differences for other tree or weed allergens including Pla a 1, Pla a 2 and Art v 1 ( 
| DISCUSSION
Our data are the first to indicate that LTP allergy is manifest in UKborn adults, with sensitization patterns to LTP allergens similar to those seen in matched Italian subjects. The geographical variation in plant food allergies is well reported, but our data add to published evidence that LTP allergy occurs in northern regions of Mediterranean countries and also other regions of Europe. 8, [20] [21] [22] Recent studies include one on Austrian subjects with severe reactions to plant foods, who have been shown to be sensitized to Pru p 3, and a large data set has demonstrated that LTP sensitization is present in subjects living in Belgium. 23, 24 Outside of Europe, data from China show that the most common sensitizing allergen in peanut allergy is Ara h 9, with a strong correlation between peanut, mugwort pollinosis and peach allergy. 25 Although Pru p 3 is a common sensitizing allergen, not all those with LTP allergy will react to peaches. 26, 27 Only four UK LTP subjects specifically mentioned peaches were a known trigger of reactions, although 18/35 did specify a stone fruit (peaches, nectarines, plums, cherries or apricots) was suspected (Appendix S2). A positive Pru p 3 specific IgE has been shown to be a marker of LTP allergy to tomatoes, orange and cabbage, although the primary reported food provoking reactions in LTP subjects may possibly dictate other food triggers. 15, [28] [29] [30] The foods involved in the UK PFS and LTP groups appear to be similar. However, the PFS cohort mainly reported reactions only to raw foods, whereas UK LTP subjects reacted to a wide range of foods, including processed foods, reflecting the heat stable nature of LTP allergens compared to PR10 allergens. 31, 32 Cooked or processed foods still contain LTP allergens; tomato paste, puree and canned tomatoes all have been shown to contain detectable levels of LTP allergens. 33 The foods reported by the UK LTP cohort (nuts, apples, stone fruit, tomatoes and curry/ spicy food) were similar to those reported by other studies to be the most common LTP trigger foods. 34, 35 What is unusual is that around which may reflect differences in local eating habits and food exposures, but also link to the potential difference in the primary sensitizing allergen in our UK cohort which is still unknown. Interestingly, banana and carrot were cited as trigger foods by the UK LTP cohort, but have been considered as safe foods by others. 36 Asero and colleagues demonstrated that there is cross-reactivity between LTPs in both fruits and vegetables, frequently accompanied by more severe and systemic reactions than those manifest in PFS. 37, 38 Our data demonstrated this, although differences in symptom severity would be expected, given the basis on which the groups were recruited; therefore, our severity data cannot be compared to other studies. Scala et al 39 reported that subjects who reacted to >5 LTPs experienced a greater number of food-induced systemic reactions, which was thought to be due to the lower incidence of co-sensitization to other pan-allergens such as PR10.
However, this finding was not replicated in our cohort possibly due to the way the UK LTP cohort was recruited. Also, the Italian study involved data from many more subjects (568), and despite the common sensitization patterns, there may be other differences between northern and southern European expressions of LTP allergy.
Our ISAC results clearly showed that there were no significant differences between the UK and IT subjects for sensitization to food allergens. Both groups were unlikely to be sensitized to other class 1 allergens except for Jug r 2, which was positive in two of the IT group and 10 of the UK group (Figure 2) . The ISAC positivity of this natural allergen is affected by cross-reactive carbohydrate determinants (CCD) recognition in many cases, however only 1/2 of the IT subjects and 4/10 of the UK subjects were co-sensitized to MUXF3, the CCD on the ISAC, so this sensitization might be relevant. 40 F I G U R E 1 ISAC heat map for LTP and PR10 allergens in UK and IT LTP cohorts SKYPALA ET AL.
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There was no difference in sensitization to mugwort and plane tree between the UK and IT LTP cohorts; however, the UK cohort had 24 However, other studies have demonstrated an association between these pollens, Pru p 3 and peach allergy. 27, 41 Pla a 3 has been associated with severe reactions to foods and, together with Art v 3, is also linked to respiratory symptoms in LTPallergic individuals. 38, 41 Also, a correlation has been observed between sensitization to Pla a 3 and tree nut/peanut LTPs but in our cohort only walnut (Jug r 3) had a positive correlation with Pla a 3 (r = 0.71) (Appendix S1). Sanchez-Lopez and colleagues found Art v 3 could elicit rhinitis in sensitized patients, suggesting that a primary sensitization to Pru p 3 may lead to a respiratory allergy through cross-reactivity. 42 Exposure to high levels of plane tree pollen in London could explain the high rate of Pla a 3 sensitization in the UK LTP group. Whilst this might suggest plane tree could be important in developing LTP allergy, it does not explain why none of the PFS group were sensitized to Pla a 3 and there was little sensitization to other plane tree allergens Pla a 1 and Pla a 2. Thus, Pla a 3 may only be positive in the LTP group due to cross-reactivity to Pru p 3. 35 It has been postulated that Par j 2 is associated with a lower prevalence of severe food-induced reactions, due to a low cross-reactivity with food LTPs, Art v 3 and Pla a 3. 38 Interestingly, although there was a higher level of SPT positivity to parietaria in the UK LTP group, sensitization to Par j 2 was rare. A high level of birch pollen sensitization has also been linked to a low prevalence of LTP allergy.
However, 43% of the UK LTP subjects were also sensitized to Bet v 1 suggesting other factors might be involved in the pathogenesis of LTP allergy in the UK.
Goikoetxea and colleagues found peach SPT to be a sensitive technique for detecting sensitization to LTP and our findings concur with this. 43 The large number of positive SPT in the LTP group was expected; the foods chosen were known LTP triggers and also strongly likely to cross-react meaning the positive predictive value is poor. Romano and colleagues showed that peanut sensitization was frequent among LTP-allergic patients but was only clinically significant in only about 50% of cases. 26 Our data did reveal a modest F I G U R E 2 Correlation between the ISAC results for Pru p 3 and selected lipid transfer protein allergens using log transformed data correlation between peach SPT and positive SPT to peanut, lupin, walnut, almond, tomato and grape in the UK LTP cohort, many of which were cited as trigger foods. We speculate that these foods may have value as markers of LTP sensitization in UK subjects. A positive test to one of these foods, in those who either have a negative peach SPT or if peach SPT has not been tested, may be an indicator to consider component testing for LTP allergy.
Our data suggest Pru p 3 is the best marker for LTP sensitization in the UK, despite a low level of reported reactions to peaches in the UK LTP cohort. This concords with the findings from Mothes Luktsch et al 23 who concluded that although apricots were a more likely trigger food in their Austrian LTP cohort, Pru p 3 was a good marker of LTP allergy. Both the UK and IT LTP cohorts included several subjects who had a negative ISAC test to Pru p 3, but universal sensitization to Pru p 3 is not always the case for those with LTP allergy. 38 The UK LTP cohort had a range of levels of sensitization to Pru p 3, suggesting that the level may only be partially predictive of clinical allergy; this finding is supported by other investigators. 35 One limitation of our study is that only those LTP allergens available on the ISAC were tested. Palacin and colleagues reported that although Pru p 3 had the highest recognition frequency, the LTP in apples, oranges, cabbage and mustard was also highly recognized, none of which are currently available on the ISAC array. 44 Adults with a food allergy have a poorer quality of life, compared with those who have other chronic conditions such as diabetes, 45 and recent data have shown that this is also true for those with PFS. 46 Our data show that LTP allergy also significantly affects quality of life, possibly due to the number of potential food triggers and the link to co-factors making it difficult to predict whether a reaction to a particular food might occur. However, we accept that due to the study design, our LTP cohort all reported severe reactions and so might be more likely to have a poorer quality of life, whereas there is a spectrum of severity in LTP allergy reported in other studies. 39 Our data also suggest that co-factors are an issue for UK subjects with LTP allergy; 40% of our cohort reported that their reactions to foods were associated with one or more co-factors.
The strength of our study was that the UK LTP cohort were all born in the UK and had not lived long periods out of the UK. In addition, they had all received their diagnosis from two of the study authors, using similar criteria and diagnostic tests, although no oral food challenges were performed. The UK PFS subjects were all diagnosed using a published diagnostic questionnaire validated against a standard diagnostic pathway including oral food challenge. 4 However, the authors accept that the study design precludes the determination of the prevalence of LTP allergy in the UK. One weakness of the study is that diagnosis of LTP allergy was made on clinical history, positive specific IgE antibody tests to suspected foods and a positive specific IgE test to Pru p 3 ImmunoCap, rather than the gold standard of oral food challenge.
However, oral food challenges were not undertaken because in many cases the precise ingredients provoking the reaction were not identified. High rates of cross-reactivity between LTP allergens can make the identification of a trigger food more difficult, or the trigger reported was a composite food which makes undertaking a standardized oral food challenge very difficult. Other studies on LTP allergy have often taken a cohort of patients who all have a primary allergy to the same food, facilitating the use of standardized oral food challenges.
In summary, we have shown that adults born and living in the UK can develop LTP allergy, with food triggers and co-factor involvement similar to those reported by other studies. The allergen sensitization patterns in the UK LTP subjects were not significantly different to those in a matched Italian cohort. Thus, LTP sensitization may be prevalent in countries previously considered as unlikely venues for this severe food allergy. The establishment of sensitization to LTP allergens in a wider range of countries has undoubtedly been partially driven by the advent of component-resolved diagnosis and multiplex testing, which has enabled analysis of large data sets, such as that undertaken in Belgium. 24 Our data suggest that the diagnostic pathway for LTP allergy can be commenced by undertaking SPT with LTPenriched peach reagent, a practice others have already shown to be effective. 47 
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